Surface excitation parameters and inelastic mean free paths of electrons are of importance in the analyses of surface sensitive electron spectroscopies. When probe electrons are near the surface of a solid or the interface of an overlayer system, electron inelastic mean free paths become depth-dependent. These mean free paths and surface excitation parameters were calculated for electrons crossing the surface of GaAs. Calculations were performed for both incident and outgoing electrons by the use of a dielectric response theory. Applications were made to estimate the elastic backscattering intensity of electrons at different emission angles using the Monte Carlo simulations. Good agreement was found between calculated results and experimental data on the ratio of the elastic reflection coefficient for a GaAs sample relative to a Ni reference. Such a ratio was used to determine the effective electron inelastic mean free paths in GaAs by employing the surface excitation parameter obtained from Monte Carlo simulations. #
Introduction
Electron inelastic mean free path (IMFP) plays an important role in the quantitative analysis of surface sensitive electron spectroscopies. The IMFP can be extracted, for instance, from reflected elastic peak electron spectra [1] . Corrections should be made in such extractions to account for the contribution from surface excitations [2] [3] [4] . Alternatively, the IMFP can be calculated by considering all relevant interactions including volume and surface excitations based on the dielectric response theory. The surface excitations are generated by electrons extending to both sides of the surface to a distance in the order of angstroms [5] . These excitations, characterized by the surface excitation parameter (SEP), lead to a depth-dependent electron IMFP inside the solid [5] . They also cause a significant influence on the elastic backscattering intensity [6] .
In the present work, the depth-dependent IMFPs and SEPs of electrons incident into or escaping from GaAs were calculated using the extended Drude dielectric function [7, 8] . Calculated IMFPs and SEPs were applied to determine the electron elastic backscattering intensity by Monte Carlo (MC) simulations [9, 10] . An effective IMFP was subsequently extracted from this intensity. Such a procedure was similar to the method used in the experimental extraction of IMFPs [11, 12] . 
Electron inelastic mean free paths and surface excitation parameters
Considering a semi-infinite solid (z > 0) with the dielectric function eð*q; oÞ, the inverse IMFP at depth z is given by [5, 6] 
for normally incident (from vacuum to solid) electrons of speed v and energy E ¼ v 2 /2, and
for normally escaping (from solid to vacuum) electrons. Here Y(z) is the Heaviside step function,
] is the surface loss function, x ¼ Im(À1/e) is the volume loss function, o is the energy transfer, Q is the parallel component of the momentum transfer, q * , with respect to the surface, and
q . Note that we used the extended Drude dielectric function and neglected the z-component of q * [13] . To derive surface excitations in the vacuum side, the SEPs for normally incident or escaping electrons are obtained by the integration of l À1 i ðE; zÞ over z outside the solid [6] . For other crossing angles, a, the SEPs are divided by a factor cos a [10] .
Monte Carlo simulations and effective inelastic mean free paths
A MC algorithm applying the depth-dependent IMFPs and SEPs has been developed previously to calculate the backscattering intensity of electrons reflected from solid surfaces [9, 10] . In the present work, this algorithm was modified in order to apply it to a binary compound. Thus the probability of an electron being scattered by the kth element in the binary compound is s k /(s 1 þ s 2 ) [14] , where s 1 and s 2 are the elastic cross sections of the component elements k ¼ 1, 2. The electron elastic mean free path is calculated from l e ¼ ½Nðs 1 þ s 2 Þ=2
À1 [15] , where N is atomic density of the compound. Note that we used a RoothaanHartree-Fock potential [16] to calculate the elastic cross sections of the individual component elements. The intensity of electrons elastically backscattered from the binary compound was calculated using the modified MC algorithm. Here a depth-independent IMFP was first applied. A relation between IMFP and intensity of backscattered electrons, i.e. the calibration curve, was then established. Subsequently, the effective IMFP was determined by a comparison of the calibration curve with the simulated intensity.
Results and discussion
Fig . 1 shows the depth-dependent inverse IMFPs calculated using Eqs. (1) and (2) for 500 eV electrons normally incident into (v ! s) or escaping from (s ! v) GaAs. It is seen that the inverse IMFPs are approximately depth-independent inside the solid (z > 0). But they decrease rapidly with the distance from The SEP for escaping electrons is slightly larger than that for incident electrons due to the electron deceleration in the former case. Fig. 2 shows the intensity ratio of electrons backscattered from GaAs to those from Ni for a 508 incident angle and 0-908 emission angles (solid circles) and for a 08 (normally) incident angle and 36.3-48.38 emission angles (solid triangles). The computed elastic reflection coefficient considering surface excitations for the Ni reference material is listed in Table 1 . Corresponding experimental data of the intensity ratio (open circles and triangles) [11, 12] are plotted for comparison in Fig. 2 . The discrepancy between present results and experimental data is due to the lack of information on acceptance angles used in the experiments. Fig. 3 shows the same intensity ratio as a function of depth-independent electron IMFP, or the calibration curve, calculated using the same simulation configurations as those applied to Fig. 2 . The solid and dashed curves are, respectively, for a 508 incident angle and 0-908 emission angles and for a 08 incident angle and 36.3-48.38 emission angles. The symbols are the corresponding results obtained by MC simulations using the depth-dependent electron IMFPs and SEPs. From the intersection of the calibration curve and the simulated intensity ratio, the effective IMFP may be determined. Results of the effective IMFP are plotted in Fig. 4 as a function of electron energy for a 508 incident [5, 6] . Since parameters in the extended Drude dielectric function were fitted mainly for the response of valence electrons [8] , the lack of inner shell responses caused the deviation between calculated effective IMFPs and experimental values at high energies.
Conclusions
The depth-dependent IMFPs and SEPs of electrons incident into and escaping from GaAs were calculated using the dielectric response theory. It revealed that inside the solid the IMFPs were roughly depth-independent due to the compensation of surface and volume excitations. Surface excitations by electrons outside the solid, characterized by the SEPs, caused a reduction in the elastic peak intensity. In the present work, both volume and surface excitations were treated in the MC simulations to calculate electron backscattered intensities. An effective IMFP was determined by a comparison of the intensity ratio from MC simulations and the calibration curve. This approach is applicable to extract the effective IMFP from the elastic intensity for a given experimental configuration and material.
Electron IMFPs and SEPs treated in the present work included the dielectric response from only valence electrons. At high electron energies, inner shell contributions become important. To include inner shell electrons, detailed analysis of all individual shell responses should be established. A similar calculation involving inner shell electrons is currently underway.
